In pearl millet (Pennisetum glaucum (L.) R. Br.), single cross hybrids based largely on exotic germplasm, have found very limited adoption in drought-prone arid regions mainly due to their inadequate adaptation to prevalent extremely harsh agroclimatic conditions. This study tested the hypothesis that the use of restorer parents derived from adapted landrace germplasm could be an alternative strategy in developing suitable hybrids for arid regions. Forty inbred restorer lines developed from two phenotypically diverse landraces were used to develop hybrids evaluated in this study for their performance in Wve typical arid zone environments between 2003 and 2007. Inbred lines from both landrace populations diVered signiWcantly in their combining ability for biomass, harvest index and grain and stover yields. A larger proportion of experimental hybrids, based on selected inbred lines, signiWcantly outperformed the commercial checks for grain and stover yields. Increase in grain and stover yields was achieved primarily due to their higher biomass productivity, with no decline in harvest index. Choice of landrace determined the relative grain and stover productivity of their hybrids. Phenotypic diVerences observed in parental landraces in tillering and panicle length were also visible in their respective hybrids, indicating that characteristics of landrace parental populations were transmitted in their hybrids.
Introduction
The arid region of north-western India is marginal and climatically variable compared to other arable zones in the country rendering arable cropping a risky preposition. Drought resilient pearl millet [Pennisetum glaucum (L.) R. Br.] is the major cereal crop in the arid regions and its grain is the major source of dietary carbohydrates. In addition, millet stover is main ration during long dry season for livestock. During the last four decades, average pearl millet grain yields have more than doubled, largely due to the increasing cultivation of single cross hybrids (Khairwal and Yadav 2005) . The extent of adoption of hybrid cultivars, however, has not been uniform. There has been much adoption in areas with relatively more favourable climate and soil conditions. In contrast, hybrid adoption has been very limited in the arid zone of the North West India which represents about 25% of the pearl millet acreage in the country (Khairwal and Yadav 2005) . Arid zone farmers still cultivate stress-adapted traditional landraces on a large scale, principally as a strategy to minimize the risk of crop failure as farmers perceive that hybrids with proven high yield potential in favourable environments have a greater risk of crop failure, compared to landraces, if grown under severe drought stress conditions (Kelley et al. 1996; Christinck 2002) due to lack of adaptation to arid conditions (Yadav and Weltzien 2000; vom Brocke et al. 2003; Bidinger et al. 2006; Yadav and Bidinger 2007) .
The major emphasis in Indian hybrid breeding has been on high productivity, with selection and evaluation conducted in favourable environments. Moreover, the germplasm base used in most breeding programs does not include arid zone materials and hence lacks speciWc adaptation to the physical environments of the arid zone Bidinger et al. 2006) . With selection emphasis based on high grain yield, and ultimately high harvest index, most conventional hybrids do not provide adequate stover quantity or quality (Kelley et al. 1996; Christinck 2002) to be a viable alternative to farmers' landraces.
In order to simultaneously improve yield and adaptation to the stress environments of the arid zone, breeding programs need to use genetic materials which possess both traits. One approach could be through the use of adapted arid zone landrace germplasm to breed restorer parents for conventional single cross hybrids. This approach combines an increased productivity through heterosis, with the necessary adaptation via the restorer line which has been demonstrated in the breeding of topcross (inbred £ population) hybrids (Bidinger et al. 1994; Yadav et al. 2000a, b) . Because of a strong market preference for single cross hybrids, a collaborative program between the Central Arid Zone Research Institute (CAZRI) and the International Crops Research Institute for the Semi-Arid Tropics (ICRI-SAT) has developed a set of restorer populations based on arid zone germplasm, as sources of inbred restorers for hybrids breeding programs targeting arid zone (Bidinger and Yadav 2008) . The research reported here provides an initial test of the hypothesis that inbred lines derived from such populations can produce hybrids that are superior to conventionally bred hybrids in the arid zone. SpeciWcally, this paper describes the breeding and evaluation of experimental inbred restorer lines from progenies selected to form the basis of two landrace-based restorer populations; assesses the diVerences, if any, in their ability to produce better yielding, arid zone adapted hybrids and Wnally evaluates performance of experimental hybrids based on restorer lines.
Materials and methods

Genetic materials
Two pearl millet landrace populations (Barmer and Jakharana) used in this study as a source of inbred restorers originated in Rajasthan. However, these populations represent two diVerent origins and have very distinct plant types. The Barmer population (BR) is based on landraces from Barmer district of the arid zone of western Rajasthan and is characterized by high tillering, thin stems, and thin, medium long and loose panicles (Yadav and Weltzien 1998 ). In contrast, the Jakharana (JK) population is a landrace from central Rajasthan with moderate tillering ability, tall and has long and compact panicles (Khairwal et al. 2004) . Restorer versions of both populations were initiated in 1998 dry season with the production of approximately 500 self-pollinated progenies from each population (Table 1) . These were grown in the arid zone in the rainy season of 1999 in an unreplicated observation nursery; progenies were scored for Xowering, uniformity, trueness to the original landrace type and agronomic value. Sixty-four progenies were selected from each population on the basis of these data, reserve seed planted in the dry season at ICRISAT and progenies testcrossed on male-sterile (A-line) tester 841A (JK) or 94444A (BR) in the dry season of 1999/2000 (Table 1 ). Testcrossed progenies were evaluated in the arid zone in the rainy season of 2000, and data recorded on Xowering time, grain and stover yields, downy mildew incidence and agronomic score. Based on the data of this trial the 25 best progenies in each population were selected and recombined by hand pollination, using reserve S1 seed in the dry season of 2000/2001 at ICRISAT (Table 1) , to make the C1 (Wrst cycle bulk) of the restorer population. The bulk was random-mated again in 2001/2002 dry season to form the C2 bulk and at the same time testcrossed to 12 diVerent A-lines. The resulting topcross hybrids of both populations were yield tested in the 2003 rainy season; the results of these tests have been reported by Bidinger and Yadav (2008 The S6 progeny testcross trials were conducted in 5 £ 12 for JK progenies and 5 £ 15 alpha design for BR progenies with four replications. The experimental hybrid trials were conducted in randomized complete block trials with three replications. For the combining ability trials and S6 progeny experimental hybrid trials, single rows of 4 m length spaced at 0.6 m with an approx plant-to-plant spacing of 15 cm within rows were used.
Flowering time was recorded as number of days from sowing to emergence of stigma in the main panicles of 50% plants in a plot. At maturity, plants per plot were counted and the panicle length was recorded on Wve randomly taken plants and mean panicle length recorded. At harvest, all the panicles were cut, counted and sundried in bags; they were weighed, threshed and grain weight recorded. Stover was cut at ground level, bundled, sun-dried in the Weld for 2-3 weeks and weighed. Panicle weight and stover weight were added to obtain biomass. The harvest index was calculated as ratio of grain to total biomass expressed in percentage. Market value of hybrids and checks was quantiWed by overall crop value, based on a weighted (3:1) average of the relative value of pearl millet grain (Rs. 6,000 t
¡1
) and stover (Rs. 2,000 t ¡1 ) in western Rajasthan market.
Data analysis
Data from all trials were analyzed according to the experimental design for both individual environments as well as across environments. GCA for each restorer inbred line was estimated as the mean of all crosses involving that line minus the overall mean. SigniWcance of the line GCA was determined by t-test. The mean performance of checks and experimental hybrids was tested following between-group comparisons through contrast analysis (Gomez and Gomez 1984) .
Results and discussion
Evaluation environments
The years varied considerably in the amount and distribution of rainfall, which primarily determined the trial productivity ( 
Performance of testcrosses
There were signiWcant diVerences among testcrosses for biomass, grain and stover yields and harvest index in JK and BR line trials in both stages of testing (data not presented). In the initial stage, the mean biomass of the JK and BR line testcrosses was similar, but the mean harvest index of JK line testcrosses was 8% higher than those of BR (Table 3) . As a result, grain yield of JK testcrosses was 47 g m ¡2 higher than BR testcrosses. The diVerences between the JK and BR S6 test testcrosses was similar to the diVerences between testcrosses of their parental restorer populations (Bidinger and Yadav 2008) which suggests that characteristics of landrace parental populations are retained in inbreds derived from them.
There were signiWcant diVerences in combining ability among the S6 lines from both populations for all productivity traits (Table 4) . About 50% of the lines in each population had signiWcant positive or negative GCA estimates across traits, with the remaining lines having a non-signiWcant GCA. GCA estimates for biomass productivity among individual lines ranged from ¡47 to +37 g m ¡2 in the BR population and ¡35.0 to +64.6 g m ¡2 in JK testcrosses. Similarly, there was a wide range in the GCA estimates for harvest index and grain and stover yields (Table 4) which should provide ample opportunity to select good combining lines that may be used to produce hybrids on pre-selected A-lines with diVerent combinations of grain and stover yields.
The second stage of testing, which included appropriate checks, permitted a comparative assessment of landrace pollinator-based single cross hybrids and commercial checks. The hybrids based on inbreds derived from the two landrace sources were signiWcantly diVerent for biomass, grain and stover yields, harvest index and Xowering time (Table 5) , and more importantly, as a group had a highly signiWcant greater grain and stover productivity compared to the established checks. The Lines with ¡signiWcant GCA 5 5 3 6
Barmer S6 lines Range in GCA estimates ¡47 to +37 ¡1.9 to +1.6 ¡12 to +20 ¡36 to +39
Lines with +signiWcant GCA 6 7 3 6
Lines with ¡signiWcant GCA 3 7 4 6 average biomass and grain yield of JK and BR hybrids was 14-28% and 23-32% higher than the checks, respectively. The similarity in harvest index between hybrids and checks suggested that the primary diVerence obtained in grain yield was due to their diVerential ability to produce biomass. The signiWcantly higher levels of biomass in landrace-based hybrids, with a similar harvest index as of commercial checks, resulted in a signiWcantly higher stover yield than checks (Table 5) . Thus both greater biomass production and its partitioning to grain yield are critical factors in simultaneously improving grain and stover yields. For areas such as the arid zone often characterized by drought years, pearl millet stover is as important as grain (Kelley et al. 1996) . The ability of the landracebased hybrids to increase biomass without a reduction in harvest index, compared to the commercial checks, is of particular value. In contrast, the major gains in grain yield in cereal in favourable areas have historically been achieved through greater partitioning of biomass to grain, rather than increasing the overall biomass (Austin et al. 1993) . The strategy of increasing grain yield is less applicable in marginal environments of arid regions than it is for favorable regions, for several reasons: (1) Traditional adaptive mechanisms in marginal environments, such as deep rooting, asynchronous tiller development, maintenance of stem carbohydrate reserves, etc., are likely to involve the partitioning of signiWcant amounts of biomass to vegetative tissues . (2) The addition of even very modest amounts of organic matter to the soil, by direct or indirect (via animal manure) return of crop residues, is essential to the maintenance of soil fertility in many arid zone soils (Agarwal et al. 1997) . (3) There is greater importance of pearl millet stover as feed for ruminants in arid regions, as the sale of animals and animal products is often the major source of household cash income (Hall et al. 2004) . Thus a far more realistic model for the genetic improvement of staple crops for the marginal environments of arid regions is to improve biomass productivity while maintaining existing levels of harvest index. The approach of landrace-based hybrids is eVective in amalgamating the higher biomass heterosis with adapted landrace pollinators (Bidinger et al. 2003; Days to Xower Number of hybrids > best check (P < 0.05) 26 0 2 31
2008), and improved partitioning to grain achievable in hybrids resulting in the improvement of grain yield without any adverse eVect on stover yield. While landrace-based hybrids in general had signiWcantly greater grain and stover productivity compared to the checks, the choice of landrace as base population appeared to determine the relative grain and stover productivity of its hybrids (Table 5 ). The BR inbreds produced hybrids with 44% higher stover yield than checks. Of the 37 hybrids, 31 produced signiWcantly more stover than the top yielding check, and two of these produced a signiWcantly higher grain yield than the best check. On the other hand, the JK inbreds produced hybrids with a 32% higher mean grain yield with a 17% higher stover yield than the checks. While 23 of 67 JK hybrids produced a signiWcantly higher grain yield than top yielding check, only six hybrids had signiWcantly higher stover yield (Table 5) .
The average Xowering time of landrace-based hybrids and checks was comparable under the trial conditions ( Table 3 ) which ensured that neither group had an advantage or disadvantage due to its phenology, as earliness in pearl millet results in escaping the terminal moisture stress (Bidinger and Witcombe 1989; Mahalakshmi et al. 1988; van Oosterom et al. 1995 van Oosterom et al. , 1996 . However, actual Xowering date under the stress conditions of the arid zone is often associated with genetic and environmental eVects often associated with preXowering drought stress. Therefore, any expected earlier Xowering of check variety especially HHB 67, which Xowers in 45 days under non-stress conditions (Khairwal et al. 2004) was not realized under the trial conditions. Thus the diVerences in the performance of landrace-based hybrids was most likely due to their better adaptation to drought stress, gained from their landrace pollinators, rather than to their drought escape. These are very signiWcant Wndings as this magnitude of superiority was across a good number of conventional A-lines available for hybrid breeding.
Performance of selected hybrids
The potential beneWt from growing landrace-based hybrids in drought prone arid zone environments was conWrmed with testing of selected hybrids from 2005 to 2006 evaluations for one additional season in 2007. All of the selected hybrids based on the JK and BR inbreds produced a higher grain yield with 50% of them being signiWcantly better than top yielding check ICMH 356 (Table 6 ). Plus the stover yield of all of the JK and BR hybrids was signiWcantly higher than that of HHB 67 and more than one-third of the JK and BR hybrids also produced signiWcantly higher stover yield than ICMH 356. The diVerences in the parental landrace phenotypes were also visible in their hybrids. Hybrids based on pollinators derived from the high tillering BR population had a higher number of panicles (14.4) than those based on pollinators derived from the low tillering JK population (11.6). The longer panicles characteristic of the JK population was also evident in its hybrids, conWrming earlier observation that phenotypic traits in landraces were transmitted to their hybrids across a wide range of A-lines. Landrace-based hybrids oVered a mean crop value advantage of 30% over better check, with the best hybrids providing more than 50% advantage in total crop value ( Table 6 ). The data clearly demonstrated that landrace-based populations are a viable and potential source to derive inbred restorer lines needed for developing dual-purpose adapted hybrids for arid zone environments. The importance of landraces in breeding for drought conditions has been very well documented (Weltzien and Fischbeck 1990; Yadav and Weltzien 2000; vom Brocke et al. 2002; Yadav and Bidinger 2007) but unfortunately the green revolution model, based on exotic germplasm, which has been highly successful for favourable environments supporting potential yield has also been extended to marginal and arid areas. This approach ignored the fact that the major determinant of crop performance under drought prone environments is stress adaptation (Bidinger et al. 1987; Simmonds 1991; Ceccarelli 1994; Ceccarelli et al. 1998 ) with potential yield playing only a secondary role (Bidinger et al. 1987) . The utilization of traditional drought-adapted landraces as sources of pollinators oVers a great promise to extend the beneWt of pearl millet hybrid technology to more marginal environments, as clearly demonstrated in this study.
The use of landrace-based hybrids will be a modern form of conservation of the valuable traits to be found in fast-eroding traditional genetic resources. The retention of such traits in a modern and more productive cultivar form will assure that the beneWts of centuries of human and natural selection for adaptation to the stresses of arid zone environments will remain available for future generations.
Conclusions
The very high proportion of landrace-based hybrids which out yielded the best available checks for the arid zone underscores several points. Firstly, the chances of identifying adapted productive hybrids based on landrace-derived pollinators are very high, considering that only 100 hybrids were evaluated in the initial yield trials (2005 and 2006) , and yet a relatively high number of them signiWcantly outperformed the commercial checks. Secondly, the enormous advantage in grain and stover yields of landrace-based hybrids over the established checks highlights the value of landraces in developing welladapted hybrids for drought-prone areas.
